Faithful inheritance of genetic information through sexual reproduction relies on the 26 formation of crossovers between homologous chromosomes during meiosis, which in 27 turn relies on the formation and repair of numerous double-strand DNA breaks (DSBs). 28
Significance Statement 48
Double-strand breaks (DSBs) are deleterious DNA lesions, and impairment of the DSB 49 repair machinery can lead to devastating diseases such as the Nijmegen Breakage 50 Syndrome (NBS). During meiosis, DSBs represent a "necessary evil": they are required 51 to promote formation of crossovers between homologous chromosomes. Crossovers in 52 turn ensure correct chromosome inheritance during gamete formation, which is 53 essential for viability and normal development of embryos. During meiosis, numerous 54
DSBs are actively created, so meiotic cells must ensure that all breaks are properly 55 repaired to ensure crossover formation and restore genomic integrity. Here we identify 56
Introduction wild-type late pachytene nuclei consistently exhibit 6 GFP::COSA-1 foci, one for each pair 140 of homologs (19) . Further, DAPI staining of WT oocytes at diakinesis, the last stage of 141 meiotic prophase I, reveals 6 well-resolved DAPI bodies corresponding to the 6 pairs of 142 homologs linked by chiasmata (6 bivalents). The nbs-1(me102) mutant was isolated 143 based on observation of a severe reduction in the number of GFP::COSA-1 foci by live 144 imaging ( Figure 1A) , indicating impairment of meiotic recombination. DAPI staining of 145 diakinesis oocytes in the nbs-1(me102) mutant further revealed frayed, aggregated 146 and/or fragmented chromosomes ( Figure 1B &1C ), indicative of defects in DNA repair. 147
Moreover, me102 homozygous hermaphrodites produced no viable progeny (0 148 survivors/1575 eggs laid, Table 1 ). 149
The causal mutation was mapped to a ~6.8cM region on chromosome II. Whole 150 genome sequencing of a 3X backcrossed strain identified two mutations in the interval, 151 one being a nonsense mutation in the C09H10.10 gene (see Materials and Methods). 152 Insertion/deletion mutant alleles were generated using CRISPR technology, creating 153 early frame-shifts and stop codons in C09H10.10 ( Figure S1 ). All four CRISPR-derived 154 alleles recapitulated the diakinesis and progeny inviability phenotypes of me102, 155 confirming that disruption of C09H10.10 is responsible for the observed phenotypes 156 ( Figure 1C ) and suggesting that all 5 mutant alleles (me102-6) of C09H10.10 are likely 157 null alleles. 158
The predicted C09H10.10 protein contains a conserved FHA domain (Forkhead-159 associated domain, Figure S1A ) at the N-terminus, and PSI-BLAST searches initiated 7 using C09H10.10 as the query sequence detected homology with the Danio rerio Nibrin 161 protein, a predicted ortholog of mammalian NBS1. Caenorhabditis C09H10.10 orthologs 162 lack the tandem BRCT domains found adjacent to the FHA domain in previously-163 recognized NBS1/Xrs2 orthologs (15). However, a small but highly conserved MRE11 164 interacting domain (MID) discovered in S. pombe Nbs1 (20) is clearly recognizable near 165 the C-terminus of C09H10.10 ( Figure 1D ). These features, coupled with functional data 166 presented below, identify C09H10.10 as the C. elegans NBS1 ortholog, hereafter referred 167 to as NBS-1. 168
Yeast two-hybrid assays revealed interactions between C. elegans NBS-1 and 169 MRE-11 and between NBS-1 and COM-1, and confirmed the previously-reported 170 interaction between MRE-11 and RAD-50 (21), recapitulating the interaction network 171 described in other species ( Figure 1E ) (22). Homozygous nbs-1 worms from 172 heterozygous parents are fully viable and do not show any developmental phenotype in 173 normal growth conditions, which allowed us to investigate the role of NBS-1 in DSB 174 repair during meiosis. 175 176 C. elegans NBS-1 is required for DSB repair but not for DSB formation 177
Multiple lines of evidence indicate that the presence of chromosome aggregates 178 in nbs-1 mutants reflects a defect in repair of the SPO-11-dependent DSBs that serve as 179 the initiating events of meiotic recombination. The spo-11 mutant lacks meiotic DSBs, 180 resulting in lack of COs and chiasmata, which is reflected by the presence of 12 181 unattached chromosomes (univalents) at diakinesis (23). In contrast to the nbs-1 single 182 mutant, the nbs-1; spo-11 double mutant displayed the canonical spo-11 phenotype, 183 exhibiting 12 DAPI bodies at diakinesis (Figure 2A & B) and producing a few percent 184 viable progeny due to occasional euploid embryos arising from erratic segregation of 185 intact chromosomes at meiosis I (Table 1 ). This indicates that the complete progeny 186 lethality and the aggregated/fragmented chromosomes in diakinesis nuclei observed in 187 nbs-1 mutants are a consequence of meiotic DSBs. Further, while introduction of 188 exogenous DSBs rescued the chiasma formation defect of the spo-11 single mutant, as 189 shown by diakinesis nuclei displaying 6 DAPI bodies (23), frayed and aggregated 190 chromosomes were observed following irradiation in nbs-1; spo-11 diakinesis nuclei, 191 demonstrating impaired repair of DSBs, whether SPO-11-dependent or exogenously ssDNA tails that can recruit DNA strand exchange proteins such as RAD-51 to mediate 226 invasion of a homologous DNA template. 227
As NBS1 is a member of the MRN complex involved in DSB resection in other 228 species, we assessed the ability of nbs-1 mutants to process SPO-11-dependent DSBs by: 229 i) simultaneous visualization of RAD-51 and a tagged version of RPA-1 (RPA-1::YFP 230 (24)), a component of eukaryotic ssDNA binding protein RPA, following nuclear 231 spreading ( Figure 3A) ; and ii) quantification of RAD-51 foci in whole-mount gonads 232 representing a time course of nuclei entering and progressing through meiosis ( Figure  233 3C). In wild-type C. elegans meiosis, RAD-51 foci appear during zygotene and early 234 pachytene following DSB resection and become numerous by mid-pachytene before 235 disappearing by late-pachytene, indicative of efficient DSB repair (25, 26) . When 236 observed using structured illumination microscopy (SIM), RAD-51 foci typically appear 237 as doublets, reflecting resection of both DSB ends ( Figure 3B ; (27)). In addition, RPA-1 238 foci, most of which represent post-strand-exchange recombination intermediates, rise in 239 abundance and accumulate to higher levels than RAD-51 foci before decreasing and 240 disappearing during late pachytene (27) . 241
Consistent with previous reports indicating a role for MRE-11 and RAD-50 in the 242 processing of meiotic DSBs (14, 16, 17) , we found that the nbs-1 mutant is impaired for 243 RAD-51 focus formation, exhibiting an overall reduction in the abundance of RAD-51 244 foci and an absence of a mid-pachytene peak in foci numbers ( Figure 3A & 3C) . Further, 245 the abundance of RPA-1 foci was also severely reduced in the nbs-1 mutant. Thus, nbs-1 246 mutant germ cells do not accumulate post-strand-exchange recombination 247 intermediates (as occurs during wild-type meiosis), nor do they accumulate RPA-coated 248 ssDNA ends (as occurs in brc-2 mutants, which are competent for DSB resection but 249 defective in RAD-51 loading (28)). Together these data indicate that NBS-1 is essential 250 for meiotic DSB resection. 251
Whereas numbers of RAD-51 and RPA-1 foci were reduced overall, nbs-1 mutants 252 displayed an increased number of foci in the premeiotic zone (PM, Figure 3A and 3C), 253 consistent with a role for MRN in repairing and/or preventing accumulation of DNA 254 damage during DNA replication during mitosis before meiotic entry (17, 29) . Supporting 255 this interpretation, we found that an nbs-1; spo-11 double mutant exhibited higher levels 256 of residual RAD-51 foci (0.44 ± 0.75 foci per nucleus in zones 1 through 6, n=727) than 257 the spo-11 single mutant (0.21 ± 0.58, n=1094; Mann-Whitney p<10 -4 ) ( Figure S3 ), 258 suggesting that many of the residual RAD-51 foci detected in nbs-1 meiotic nuclei reflect 259 DNA damage that was not of meiotic origin. Further, SIM imaging revealed that RAD-51 260 foci in the nbs-1 mutant exhibit abnormal structure ( Figure 3B ). In contrast to the 261 doublet or singlet foci observed in wild-type germ cells (27) , RAD-51 foci in the nbs-1 262 mutant are typically larger and more complex, both in the premeiotic zone and 263 throughout meiotic prophase, consistent with abnormalities arising during mitotic cell 264 cycles or meiotic DNA replication and persisting following meiotic prophase entry. 265
However, we also found that the residual level of RAD-51 foci in the nbs-1 single mutant 266 (0.63 ± 0.88, n=618 nuclei) was higher than in the nbs-1; spo-11 double mutant (Mann-267 Whitney p<10 -4 ) ( Figure 3C & S3); this suggests that although meiotic DSB resection is 268 strongly impaired, some SPO-11-generated breaks may nevertheless load RAD-51 in the 269 absence of NBS-1. 270 271 NBS-1 functions both to counteract non-homologous end joining and to promote 272 efficient HR 273 DNA repair pathway choice is crucial for cellular and organismal survival: non-274 homologous end joining (NHEJ) and HR have been shown to occur cooperatively, 275 competitively or as backup mechanisms for DSB repair in various contexts (12) . As 276 previous reports had implicated MRE-11 and COM-1 in antagonizing NHEJ (13, 14) , we 277 tested the hypothesis that the meiotic defects observed in the nbs-1 mutant might reflect 278 inappropriate use of NHEJ for the repair of meiotic DSBs. 279
We found that mutation of cku-80, which encodes the worm ortholog of KU80 280 essential for NHEJ, partially alleviated multiple nbs-1 defects ( Figure 4 ). In contrast to 281 the aggregated chromosomes present in the nbs-1 single mutant, diakinesis 282 chromosomes more frequently appeared as individual univalents or bivalents in the nbs-283 1; cku-80 double mutant ( Figure 4A ). This partial restoration of chromosome integrity 284 was accompanied by a partial restoration of GFP::COSA-1 foci in late pachytene ( Figure  285 4B). While the nbs-1 mutant displayed an average of 1.4 ± 1.3 (n=150) foci per nucleus, 286 the nbs-1; cku-80 double mutant averaged 4.7 ± 1.5 GFP::COSA-1 foci per nucleus (n= 287 133, Mann-Whitney p<10 -4 ). We also observed a partial rescue of progeny viability, with 288 an average of 3.1% progeny survivorship from nbs-1; cku-80 animals (93/3007 eggs 289 laid) compared to 0% from nbs-1 animals (0/1575, Table 1 ). The substantial rescue of 290 progeny viability, chromosome integrity and GFP::COSA-1 focus formation together 291 indicate a role for NBS-1 in preventing inappropriate utilization of NHEJ during meiosis. 292
Although inactivation of cku-80 attenuated the meiotic defects of the nbs-1 293 mutant, the rescue was not complete. This result could reflect either (i) an additional 294 role for NBS-1 in promoting efficient HR beyond antagonizing NHEJ; or (ii) a deficit of 295 DSBs compared to wild type, which could yield a deficit in CO number. We ruled out the 296 latter hypothesis by exposing nbs-1; cku-80 worms to 5kRad γ-irradiation to introduce 297 an excess of DSBs. While this dose is more than sufficient to restore chiasmata in the 298 spo-11 mutant background ( Figure 2C and (19, 23), it did not improve chiasma 299 formation in the nbs-1; cku-80 mutant ( Figure S4 ). This result indicates that DSBs are 300 not limiting for CO formation in the nbs-1; cku-80 mutant, and instead implies that 301 recombination intermediates cannot be efficiently processed into COs in absence of 302 NBS-1, even when CKU-80 is absent. 303 304 NBS-1 is required for a timely resection of DSBs to engage HR 305
Examination of the timing of appearance of RAD-51 and RPA-1 foci in nbs-1; cku-306 80 double mutant indicated a role for NBS-1 in promoting timely resection of DSBs, even 307 in absence of NHEJ ( Figure 5 ). The nbs-1; cku-80 double mutant differed from both the 308 cku-80 single mutant, which exhibits wild-type dynamics of RAD-51 and RPA-1 foci with 309 an enrichment in mid-pachytene ( Figure 5A ), and from the nbs-1 single mutant, which 310 displays low levels of both types of foci throughout meiosis I ( Figure 3C ). Instead, 311 numbers of RAD-51 and RPA-1 foci in nbs-1; cku-80 remained low throughout most of 312 meiotic prophase, but then rose in abundance during late pachytene (Zone 6, Figure 5C  313 and 5D), similar to what was reported for RAD-51 foci in the mre-11(iow1); cku-80 314 double mutant (14) . The majority of these late RAD-51 foci appeared as doublets when 315 resolved by SIM imaging ( Figure 5B ), as they do in wild type during early pachytene, 316 consistent with the presence of resected meiotic DSB ends. These results suggest that 317 some resection can occur in the absence of NBS-1, but only if NHEJ is abrogated. 318
Moreover, this NBS-1 independent mode of resection appears largely restricted to late 319 pachytene and early diplotene. 320
This late timing of appearance of RAD-51 foci may help to explain why 321 restoration of CO formation is incomplete in the nbs-1; cku-80 double mutant. Initial 322 loading of pro-CO factors must occur prior to the transition to late pachytene in order 323 for DSB repair intermediates to become competent to mature into COs (19). Thus when 324 resection is delayed, it may sometimes occur too late to enable recruitment of factors 325 needed to generate COs. 326 327 NBS-1 and COM-1 play distinct roles in promoting HR 328
Both COM-1 and NBS-1 are required for meiotic DSB repair but dispensable for 329 DSB formation ( Figure 2 and (13, 18) ). However, our data indicate that their respective 330 roles in resection and promotion of HR are quite different. Whereas elimination of cku-331 80 resulted in a modest partial rescue of bivalent formation in the nbs-1 background, 332 with 10% of diakinesis nuclei showing 6 bivalents, we observed that loss of cku-80 in the 333 com-1 background resulted in much more substantial restoration of bivalent formation, 334 with 80% of diakinesis nuclei showing 6 bivalents ( Figure 5E ), recapitulating previous 335 observations (13) . Moreover, analysis of diakinesis nuclei in the nbs-1; com-1 cku-80 336 triple mutant indicated that NBS-1 is required for the efficient bivalent formation 337 observed in the com-1 cku-80 mutant ( Figure 5E ). Together these results suggest that 338 while COM-1 is required to antagonize CKU-80 and prevent NHEJ-mediated repair of 339 DSBs, it is not essential for MRN-dependent resection to yield interhomolog COs. 340
This conclusion is further supported by comparison of RAD-51 dynamics in the 341 com-1 cku-80 and nbs-1; cku-80 double mutants. In contrast to nbs-1; cku-80 where RAD-342 51 foci did not increase in abundance until late pachytene, the com-1 cku-80 double 343 mutant exhibited RAD-51 foci dynamics similar to wild type, with a strong peak in foci 344 numbers in mid pachytene and a decline in foci numbers by late pachytene ( Figure 5D ), 345 as previously described (13) . This indicates that COM-1 function is essential for 346 resection in presence of NHEJ but becomes dispensable in the absence of NHEJ. This 347 result implies that COM-1 is primarily required during meiosis to antagonize CKU-80 348 and NHEJ, but is not essential for timely MRN-dependent resection when NHEJ is 349 abrogated (see also Discussion). In contrast, NBS-1 is required both for antagonizing 350 NHEJ and for promoting resection. 351 352 EXO-1 is required for CO formation and genome integrity, but not for late prophase 353 RAD-51 loading in the nbs-1; cku-80 double mutant 354 context. One candidate is the exonuclease Exo1, which has been shown to be involved 357 alongside the MRN complex in promoting extended resection (9) . Although EXO-1 is 358 dispensable for meiotic recombination in otherwise wild-type C. elegans (13) , EXO-1 is 359 required for partial restoration of RAD-51 loading, CO formation and chromosome 360 integrity in the mre-11(iow1); cku-80 double mutant (14) , indicating that delayed DSB 361 resection and repair via HR are dependent on EXO-1 in this context. We therefore tested 362 whether EXO-1 could mediate resection during late pachytene in the absence of NBS-1 363 ( Figure 6 ). 364
While the nbs-1; cku-80 double mutant displayed mostly univalents and bivalents 365 in diakinesis oocytes, we frequently observed chromosome aggregates at diakinesis in 366 the nbs-1; cku-80 exo-1 triple mutant ( Figure 6A ), suggesting partial redundancy of NBS-367 1 and EXO-1 function in maintaining genome integrity. Moreover, the partial rescue of 368 GFP::COSA-1 focus formation observed in nbs-1; cku-80 was also dependent on EXO-1, as 369 the nbs-1; cku-80 exo-1 triple mutant failed to form GFP::COSA-1 foci ( Figure 6B ). These 370 results indicate a strict requirement for EXO-1 to form COs in the absence of both NBS-1 371 and NHEJ. However, EXO-1 was not essential for the late pachytene rise in RAD-51 foci 372 observed in nbs-1; cku-80 ( Figure 6C ), as a significant portion of late pachtyene nuclei 373 (Z6) with numerous RAD-51 were detected in the nbs-1; cku-80 exo-1 triple mutant. 374
Persistence of late prophase RAD-51 foci but loss of CO site markers is reminiscent of 375 phenotypes observed in the com-1 cku-80 exo-1 triple mutant (13) and suggests either 376 that the resection occurring in these contexts occurs too late for recruitment of CO 377 factors or that EXO-1 has an additional late function in promoting CO formation, as has 378 been observed in mouse and yeast (30, 31) . 379 380 381 Discussion 382
Identification of C. elegans NBS-1 as a compact ortholog of NBS1/Xrs2 383
The MRN complex has long been recognized as a central player in mediating HR-384 based repair of DSBs across species, but there are substantial differences in the degree 385 of conservation among its subunits (32) . MRE11 and RAD50 are ancient in origin, are 386 highly conserved among eukaryotes and have clearly identifiable orthologs in both eukarya and are notoriously poorly conserved. Primary sequence conservation among 389 orthologs from different kingdoms is mainly restricted to the N-terminal FHA domain, 390 and conservation outside this domain is marginal even within kingdoms, e.g. S. cerevisiae 391 Xrs2 and S. pombe Nbs1 share only 10% identity in the 250 amino acids following the 392 FHA domain, and the presence of tandem BRCT domains within this region had 393 remained unrecognized in many orthologs until introduction of an algorithm specifically 394 designed to detect such motifs (15). Indeed, when human NBS1 was first discovered, its 395 protein size and association with MRE11 and RAD50 were crucial for recognizing NBS1 396 and Xrs2 as functional homologs (33) . In all species where it has been studied, the MRN complex has been shown to be crucial 415 for repair of meiotic DSBs (35) . However, involvement of MRN in the formation of such 416 breaks varies from species to species. Whereas Mre11, Rad50 and Nbs1 are not required 417 for meiotic DSB formation in S. pombe or A. thaliana (36) (37) (38) (39) (40) , all three core members of our analysis here revealed that these two meiotic functions of MRN complex 420 components can be uncoupled. While C. elegans NBS-1 is integral to the functions of the 421 MRN complex in promoting timely resection and repair of meiotic DSBs, we found that 422 the previously reported roles of MRE-11 and RAD-50 in promoting DSB formation (16, 423 17) do not require NBS-1 ( Figure 7) . 424
How MRN complex components function to promote DSB formation remains 425 unknown. However, separation-of-function mutations that uncouple DSB formation and 426 repair activities may be informative. Missense mutations in C. elegans [mre-11(iow1)] 427 and S. cerevisiae [mre11-D16A] that impair DSB resection but not DSB formation affect 428 the same conserved phosphoesterase domain and destabilize the interaction between 429 MRE11 and RAD50 ( (14, 43, 44) and this study). This suggests that a stable interface 430 between MRE11 and RAD50 that is essential for resection and repair activities of the 431 MRN complex may be less important for DSB-promoting activity, raising the possibility 432 that MRE11 and RAD50 may function in a different conformation (34, 45) or 433 stoichiometry (46) , or even as separate proteins, to influence DSB formation. Further, in 434 S. cerevisiae, Xrs2 may be required for DSB formation partially based on its role in 435 promoting nuclear localization of Mre11 (47) ; conversely, the fact that C. elegans NBS-1 436 is dispensable for DSB formation indicates that (at least some) MRE-11 and RAD-50 437 must get into the nucleus without NBS-1. 438
Additional evidence suggests that C. elegans MRE-11 may also be able to function 439 independently of NBS-1 in another context. Specifically, we found that late RAD-51 foci 440 reflecting delayed end resection were present in late pachytene nuclei in nbs-1; cku-80 441 exo-1 mutant germ lines, whereas such foci were absent in mre-11; cku-80 exo-1 (14) . 442
This result suggests that MRE-11 may be capable of promoting some degree of end 443 resection in late pachytene nuclei in the absence of NBS-1 and EXO-1. 444 445 Distinct roles for MRN and COM-1 in promoting DSB resection and antagonizing NHEJ 446
DSBs pose a threat to genome integrity, and DNA repair machineries have evolved to 447 prevent or limit their damaging consequences. Moreover, evidence for competition 448 between different DSBR pathways is present in all studied species. For example, 449 elimination of Ku in mammalian cells increases the frequency of DSB-induced HR 450 between direct repeats (48) , and conversely, elimination of Mre11 results in higher 451 incidence of NHEJ in yeast cells (49) . The extent to which DSBs are repaired using 452 mutagenic repair mechanisms such as NHEJ vs. high-fidelity mechanisms such as HR 453 depends on cellular context. During meiosis, it is crucial that DSBs be repaired strictly by 454 HR, both (i) to promote the formation of interhomolog COs needed to segregate 455 chromosomes and (ii) to restore genome integrity while minimizing introduction of new 456 mutations. However, even during meiosis where the outcome of DSB repair is so heavily 457 biased toward HR, abrogation of HR in C. elegans germ cells has revealed that NHEJ 458 factors are nevertheless still present and can promote illegitimate repair ( (13, 14) and 459 this study). The MRN complex and COM-1 are crucial during meiosis to tip the balance 460 irrevocably toward the HR outcome. 461
The current work, integrated with previous findings (13, 14) , demonstrates that 462 C. elegans MRN and COM-1 make distinct contributions to promoting HR and 463 antagonizing NHEJ during meiosis (Figure 7 ). NBS-1, MRE-11 and COM-1 are all 464 required to prevent meiotic catastrophe resulting from inappropriate engagement of 465 NHEJ. However, in the absence of Ku, differences in the roles of these components are 466 revealed. When Ku is removed in an nbs-1 or mre-11(iow1) mutant background, RAD-51 467 loading (indicative of end resection) is delayed and CO formation is inefficient, However, 468 when Ku is removed in a com-1 mutant background, RAD-51 foci levels and timing 469 appear normal and CO formation is much more efficient. These findings indicate that 470 COM-1 is required primarily to antagonize Ku, yet is substantially dispensable for MRN-471 mediated end resection when Ku is absent (Figure 7 ). Whereas MRN can promote 472 efficient and timely end resection without COM-1 (in combination with EXO-1; see 473 below), however, MRN cannot function without COM-1 to antagonize Ku. We interpret 474 these findings in light of reports that the S. pombe Nbs1 FHA domain directly engages 475 Ctp1 and that Ctp1/CtIP is recruited to DSB sites through NBS1 in both S. pombe and 476 human cells (50) (51) (52) . Specifically, we propose that during C. elegans meiosis, NBS-1 477 nbs-1(me102) was isolated in a genetic screen for meiotic mutants exhibiting altered allowed simultaneous live imaging of GFP::COSA-1 foci, chromatin (mCherry::H2B) and 543 germ cell membranes (GFP::PH). F1 progeny of EMS mutagenized parents were plated 544 individually, and pools of adult F2 progeny from each F1 plate were mounted on multi-545 well slides in anesthetic (0.1% tricaine and 0.01% tetramisole in M9 buffer) to visualize 546 their germ lines; candidate mutations were recovered from siblings of visualized worms. 547
The me102 mutation was balanced by the mIn1 II balancer, then mapped to a ~6.8cM 548 region on chromosome II between unc-4 and rol-1. Following backcrossing (3x) to 549 generate the AV828 strain, homozygous me102 worms were subjected to whole genome We used direct injection of Cas9 protein (PNAbio) complexed with sgRNA generated by 571 in vitro transcription from a PCR template. crRNAs were designed using either Benchling 572 (benchling.com) or ChopChop (chopchop.rc.fas.harvard.edu), following guidelines from 573 (55) . crRNAs used to generate me103, me104, me105 and me106 alleles were dsDNA template for RNA transcription was obtained by PCR amplification using a 576 "universal" reverse primer (oCG83: AATTTCACAAAAAGCACCGACTCGGTGCCACTTTTT 577 CAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC) and a 578 forward primer containing the T7 promoter sequence upstream of the crRNA sequence 579 as well as 20bp of complementarity with oCG83 (namely oCG84 580 TAATACGACTCACTATAGGG-GAGCATAGAATGGGGCGATGGTTTTAGAGCTAGAAAT; and 581 oCG85: 582 TAATACGACTCACTATAGGGGTTCATGCGAGCATAGAATGGTTTTAGAGCTAGAAAT). PCR 583 was performed with the Phusion master mix from NEB in 50 μL with 4 μL of each oligo 584 (10mM stock), using the following program: 94°C for 5 min; then 25 cycles of: 94°C for 585 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds; ending by a step at 72°C for 5 586 mins. dsDNA was purified on column, and concentration assessed by Nanodrop. In vitro 587 transcription was done overnight using the Ambion MEGAscript Kit from ThermoFisher. 588
Ensuing RNA purification was performed using the MEGAclear Kit with a final elution 589 volume of 40 μL. Cas9/sgRNA complexes were formed for 10min at room temperature 590 with 500ng/μL of Cas9 protein (PNABio) and 250ng/ μL of both sgRNA (total final 591 concentration for both guides combined). N2 worms (P0) were injected with the mix 592 along with pCJF104 as a co-injection marker (56) . Red F1s (carrying pCJF204) were 593 singled out, and a subset of F2 progeny were fixed and stained with DAPI (see below) to 594 assess the phenotype of diakinesis nuclei. From plates containing worms exhibiting 595 aggregated chromosomes at diakinesis, the new mutations were recovered from siblings 596 of the imaged worms and balanced by mIn1. The nbs-1 locus was amplified from 597 homozygous mutant worms using oCG48 (GAGAAAGGCTCCGTGGTCAA) and oCG50 598 (GCCGTCAACTTCCAGAGTCA) primers and subjected to Sanger sequencing (Sequetech, 599 935 Sierra Vista Ave. Ste. C, Mountain View, CA 94043). Details of the mutations can be 600 found in Figure S1 . The plasmid bearing the mutated version of MRE-11 (MRE-11 iow1) was generated 620 using Gibson assembly (NEB) to replace a 366 bp SpeI XbaI fragment from pDP133-621 MRE11 with a corresponding dsDNA fragment containing the iow1 mutation. 622 623 Yeast strain YCK580 was transformed according to (58) with plasmid pairs with one 624 plasmid containing the prey fused with the GAL4 activation; the other containing the 625 bait fused with the LexA DNA binding domain. Transformed cells were spread on 626 selective media lacking both leucine and triptophan (-LW) and grown for 48h. One clone 627 was selected for each pair, and interaction was assayed on media lacking histidine (-628 LWH) with or without the His3p competitive inhibitor 3-AT (25mM). 629 630
Cytological analysis 631
Numbers of DNA bodies present in diakinesis oocytes were assessed in intact adult 632 hermaphrodites at 24h post L4 stage, fixed in ethanol and stained with 49,6-diamidino-633 2-phenylindole (DAPI) as in (59) . Immunostaining for GFP::COSA-1 and RAD-51 in 634 whole-mount gonads was conducted as in (60) . All experiments were performed on 635 gonads dissected at 24-26h hours post L4 at 20°C. The following primary antibodies 636 were used at the indicated dilutions in PBS with 0.1% Tween: chicken anti-HTP-3 (1:500 637 (61)); rabbit anti-GFP (1:200 (19) ), rat anti-RAD-51 (1:500 (62)). Dual RPA-638 1::YFP/RAD-51 immunostaining was performed on spread gonads as in (63) , with YFP 639 being detected by the rabbit anti-GFP antibody. All images were acquired using a 100x corrected for registration using SoftWoRx. Gonads were subsequently assembled using 642 the "Grid/Collection" plugin (64) Quantification of the number of DAPI bodies in diakinesis nuclei. Fewer than 5 countable DAPI bodies reflects aggregation of chromosomes, whereas 12 DAPI bodies typically reflects intact univalents. Numbers of nuclei counted: wild type n=92, spo-11 n=37, nbs-1(me102) n=42, nbs-1; spo11 n=39, mre-11 n=66, nbs-1; mre-11 n=59. C) Quantification of DAPI bodies as in (B) following exposure of worms to 5kRad γ-irradiation, showing that irradiation-induced breaks rescue chiasma formation in the spo-11 mutant but induce chromosome aggregation in nbs-1; spo-11 mutant oocytes. Numbers of oocytes counted: wild type n=105, spo-11 n=57, nbs-1(me102) n=144, nbs-1; spo-11 n=45. D) Graph showing indistinguishable profiles of diakinesis DAPI body counts in nbs-1(me102) mutant worms derived from heterozygous nbs-1/+ mothers (m+z-) and nbs-1 m-z-mutant worms, which were derived from a cross using homozygous nbs-1; cku-80 double mutant mothers (m-z-).; see Figure S2 for more details. 
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Figure S2:
Crossing strategy used to obtain homozygous nbs-1(me102) mutant worms from homozygous nbs-1(me102) mothers (m-z-). mIn1 refers to the balancer chromosome used to maintain the nbs-1 mutation in a heterozygous state. Because progeny viability is partially restored in the nbs-1; cku-80 double mutant (Table 1) , viable m-z-nbs-1 homozygotes that contained a wild-type cku-80(+) allele could be generated. 
Figure S4
: Quantification of DAPI bodies in diakinesis nuclei in the nbs-1; cku-80 double mutant exposed to 5kRad γ-irradiation (mean 7.7 ± 1.3; n=114) and in the unirradiated control (7.9 ± 1.4, n=119, Mann-Whitney p=0.21). Partial restoration of CO formation in nbs-1; cku-80 is not improved by excess DSB formation.
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